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研究成果の概要（和文）：トキソプラズマは、ヒトを含め全ての恒温動物に感染することが可能な人獣共通感染
症の原因となる寄生虫です。免疫不全患者や妊婦が初感染した場合、重篤なトキソプラズマ症の原因となるにも
かかわらず、有効な根治治療法や予防技術は未だに確立されていません。本研究では、トキソプラズマがヒトの
脳神経へ潜伏感染するメカニズムの一端を解明し、その作用機序を阻害することで、トキソプラズマの潜伏感染
を抑制することが可能な化合物を見出しました。

研究成果の概要（英文）：Toxoplasma gondii is an obligate intracellular protozoan parasite that can 
infect the nucleated cells of all warm-blooded animals including humans. Despite the fact that 
immunocompromised patients or pregnant women can cause severe toxoplasmosis when first infected, no 
effective curative treatment or prevention techniques have yet been established. In this study, we 
elucidated one part of the mechanism by which Toxoplasma latently infects human brain, and 
discovered compounds that inhibit the virulence mechanism of  T. gondii and latent infection. 

研究分野：免疫寄生虫学

キーワード： トキソプラズマ　脳神経　グルタミン　潜伏感染

  １版

令和

研究成果の学術的意義や社会的意義
本研究において、トキソプラズマが脳に感染すると、脳神経細胞の中で潜伏感染することを明らかにしました。
さらに、トキソプラズマが脳神経細胞の代謝に及ぼす影響とそのメカニズム、そして潜伏感染機構を明らかにし
ました。これらの成果は、長年不明のままであった寄生虫の潜伏感染メカニズムを解明した点で学術的意義の高
い成果です。また今後、トキソプラズマの感染を制御するための新たな技術、あるいは新薬の開発に繋がること
が期待されるため、社会的・医学的意義の高い成果です。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 

トキソプラズマはネコを終宿主とする偏性細胞内寄生原虫であり、ヒトを含め全ての恒温動物

に感染することが可能な人獣共通感染症の原因となる病原体である。また、トキソプラズマに汚

染された肉を加熱不完全な状態で食べることがヒトへの主な感染経路であるため、食品由来感

染症の一つとしても知られている。健常者が感染した場合、多くは不顕性感染し、生涯にわたっ

て宿主体内に潜伏感染するが、臓器移植や免疫不全患者などを含め免疫が低下した場合、潜伏感

染虫体が再活性化し、トキソプラズマ脳炎や肺炎などの重篤なトキソプラズマ症を引き起こす。

また、妊婦が初感染した場合、経胎盤感染によって胎児に感染し、胎内死亡や流産に加え、水頭

症など重篤な先天性トキソプラズマ症を引き起こし、患児の 12％以上は 4 年以内に死亡し、生

存した場合も精神障害などになる可能性が高いことが知られている。国内のトキソプラズマ症

患者数は 70000 人以上であり、年々患者数は増加していることが報告されている。こうしてトキ

ソプラズマ症は、2012 年 9 月に患者会が設立されるほど、我が国で医学的に大きな問題となっ

ている食品由来感染症であるにもかかわらず、有効な根治治療法や予防技術は未だに確立され

ていない。 

 

２．研究の目的 

本研究では、トキソプラズマ症の新規予防技術の創出に向けて、ヒトの脳細胞内においてトキ

ソプラズマの潜伏感染に重要な宿主因子の同定と、これを人為的に制御することによる感染予

防技術の開発を目的とする。 

 

３．研究の方法 

(1) 「ヒトの脳細胞内においてトキソプラズマの潜伏感染に重要な宿主因子の同定」を行うため

に、様々なヒトの脳由来細胞をさまざまな条件下で培養し、トキソプラズマの潜伏感染を誘導す

ることで、トキソプラズマの潜伏感染に重要な宿主因子を特定する。 

(2） 「トキソプラズマの潜伏感染に重要な宿主因子を人為的に制御することによる潜伏感染制

御技術の開発」を行うために、ヒトの脳細胞内においてトキソプラズマの潜伏感染に重要な宿主

因子による潜伏感染メカニズムを解明し、低分子化合物による制御を検討する。 

 

４．研究成果 

ヒト体内に感染したトキソプラ

ズマは急増虫体（Tachyzoite）と

して増殖して全身へ感染を広げ

ていき、脳に到達するとステー

ジ変換を起こして潜伏感染虫体

（Bradyzoite）を形成するが、そ

の形成メカニズムはほとんど明

らかになっていない。トキソプ

ラズマが潜伏感染しやすい組織
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Hironori Bando1, 2, Yasuhiro Fukuda2, Nina Watanabe2, Kentaro Kato2

1) Department of Parasitology, Asahikawa Medical University
2) Laboratory of Sustainable Animal Environment,

Graduate School of Agricultural Science, Tohoku University

Toxoplasma gondii chronically infects the brain as latent cysts containing bradyzoites and causes
various effects in the host. Recently, the molecular mechanisms of cyst formation in the mouse brain
have been elucidated, but those in the human brain remain largely unknown. Here, we show that
abnormal glutamine metabolism caused by both interferon-γ (IFN-γ) stimulation and T. gondii infection
induce cyst formation in human neuroblastoma cells. IFN-γ stimulation promoted intracellular glutamine
degradation in human neuronal cells. Additionally, T. gondii infection inhibited the mRNA expression of
the host glutamine transporters SLC38A1. These dual effects led to glutamine starvation and triggered
T. gondii stage conversion in human neuronal cells. Furthermore, these mechanisms are conserved in
human iPSC-derived glutamatergic neurons. Taken together, our data suggest that glutamine starvation
in host cells is an important trigger of T. gondii stage conversion in human neurons.
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IFN-g stimulation induces T. gondii stage conversion 
in human neuroblastoma cells

Results 3

The intracellular glutamine concentration is limited in IFN-γ-
stimulated T. gondii-infected human neuroblastoma cells
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Glutaminase activity directly affects IFN-γ-dependent 
T. gondii stage conversion in human neuroblastoma cells

Results 2

(A) The percentage of CST1-positive vacuoles was determined.
(B) Representative IFA images of T. gondii GAP45 (red) and CST1 (green); nuclei were stained with DAPI (blue). Scale bars correspond to 5 μm.
Values are means±SD (three biological replicates per group from three independent experiments) (A). n.d., not detected.
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The physiological conditions that induce T. gondii stage conversion in human brain cells are unclear. Therefore, we tested
the effect of IFN-γ on the T. gondii stage conversion. T. gondii cyst wall CST1 formation around bradyzoites in IMR-32 cells
was found only in IFN-γ-stimulated cells (A and B).

(A) IMR-32 cells uninfected or infected with T. gondii ME49 were untreated or treated with IFN-γ. The level of intracellular glutamine at 48 h after parasite infection was
measured by ELISA.

(B) IMR-32 cells uninfected or infected with T. gondii ME49 were untreated or treated with IFN-γ and incubated for 0 or 48 h. The SLC38A1 mRNAlevels were
analyzed by use of quantitative RT-PCR.

(C) IMR-32 cells uninfected or infected with T. gondii ME49 were untreated or treated with IFN-γ. The glutamine level in the culture supernatant at 0, 24, and 48 h after
parasite infection was measured by ELISA.

Values are means±SD (three biological replicates per group from three independent experiments) (A-C). * p < 0.05, ** p < 0.01; N.S., not significant; Student’s t-test.

(A) (C) (B) (D) 

(Aand B) HFF cells infected with T. gondii ME49 were treated with IFN-γ and/or CB-839. Plaques were stained at 4 days post-infection. (A) Plaque sizes were
measured by using the Image J software. (B) Plaque numbers of individual strains were counted.

(C) IMR-32 cells infected with T. gondii ME49 were untreated or treated with IFN-γ and/or CB-839. The level of intracellular glutamine at 48 h after parasite infection
was measured by ELISA.

(D) IMR-32 cells infected with T. gondii ME49 were treated with IFN-γ and/or CB-839. Cyst wall formation was assessed by IFAat 72 h post-infection. The percentage
of CST1-positive vacuoles was determined.

Values are means±SD (three biological replicates per group from three independent experiments) (A-D). * p < 0.01, ** p < 0.01; N.S., not significant; n.d., not
detected; Student’s t-test.
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Results 4
T. gondii stage conversion is induced in human iPSC-derived 

glutamatergic neurons by IFN-γ-dependent 
intracellular glutamine starvation

(C) (B) (D) 

(A) Human iPSC-derived glutamatergic neurons infected with T. gondii ME49 were untreated or treated with IFN-γ and/or CB-839. The level of intracellular glutamine at
48 h after parasite infection was measured by ELISA.

(B) Human iPSC-derived glutamatergic neurons infected with T. gondii ME49 were treated with IFN-γ. Cyst wall formation in the cell bodies or axons was assessed by
IFAat 72 h post-infection. The percentage of CST1-positive vacuoles was determined.

(C) KGAsiRNAwas transfected into human iPSC-derived glutamatergic neurons. After 48 hours, the expression of KGAin human iPSC-derived glutamatergic neuron
lysates was detected by Western blotting.

(D) KGAsiRNAwas transfected into human iPSC-derived glutamatergic neurons, which were then infected with T. gondii ME49, and then left untreated or treated with
IFN-γ. The percentage of CST1-positive vacuoles in the cell bodies or axons was determined by IFAat 72 h post-infection.

Values are means±SD (three biological replicates per group from three independent experiments) (A-E). * p < 0.05, ** p < 0.01, *** p < 0.001; N.S., not significant;
Student’s t-test.

Non-infection infection Non-infection infection

Non-infection infection

Depletion of intracellular glutamine pools triggers 
Toxoplasma gondii stage conversion in human neurons

(A) 

In summary, here we found a novel T. gondii stage conversion mechanism that involves IFN-γ-induced glutamine-
dependent bradyzoite differentiation and cyst formation in human neuronal cells. In addition, we revealed that these effects
were suppressed by treatment with a glutaminase inhibitor. However, the virulence mechanisms related to inhibition of
SLC38A1 activation are still uncleared. Thus, further investigations are needed to identify the exact virulence molecules
and mechanisms involved in this phenomenon. The elucidation of these effects may contribute to the development of
advanced therapeutic strategies for the prevention of chronic infection of the human brain.

IFN-γ stimulation induced bradyzoite differentiation only in neuroblastoma cells. Therefore, to elucidate the neuronal cell-
specific response to IFN-γ- stimulated T. gondii-infected, we compared the metabolic profiles. As a result, we found that the
intracellular glutamine concentration in IFN-γ-stimulated, T. gondii-infected IMR-32 cells were significantly reduced
compared with that in IFN-γ-stimulated, non-infected IMR-32 cells (A). We next examined the IFN-γ-dependent mRNA
expression of the main glutamine transporters SLC38A1 in IMR-32 cells. Although IFN-γ induced SLC38A1 gene
expression in non-infected cells, this expression was inhibited in T. gondii-infected cells (B) In addition, we examined the
glutamine dynamics in the culture medium (extracellular). The extracellular glutamine concentration in the culture medium
of IFN-γ-stimulated, T. gondii-infected IMR-32 cells were higher than that of IFN-γ-stimulated, non-infected IMR-32 cells (C).

Glutamine serves as a bioenergetic substrate for T. gondii growth, suggesting the possibility that glutamine starvation
triggers T. gondii stage conversion. Therefore, we hypothesized that pharmacological inhibition of IFN-γ-dependent
glutamine degradation may prevent glutamine starvation and thereby suppress IFN-γ-dependent T. gondii stage conversion
in IMR-32 cells. To test this hypothesis, we examined the effect of CB-839, a selective glutaminase inhibitor on the
intracellular glutamine concentration. At first, we examined the effect of CB-839 treatment on the parasite by using a plaque
assay, and found that CB-839 treatment had no effect on the parasite plaque size or number (A and B). Then, we
examined the effect of CB-839 treatment on IFN-γ-dependent T. gondii stage conversion in IMR-32 cells. We found that CB-
839 treatment restored the intracellular glutamine concentration in IFN-γ-stimulated, T. gondii-infected IMR-32 cells (C). In
addition, IFN-γ-induced T. gondii stage conversion was inhibited by CB-839 treatment (D).

Glutamatergic neurons produce glutamate, which is one of the most common excitatory neurotransmitters in the CNS. To
confirm the glutamine starvation-induced T. gondii stage conversion in glutamatergic neurons, we differentiated
glutamatergic neurons from human induced pluripotent stem cells (iPSCs). At first, we examined the effect of parasite
infection on intracellular glutamine concentration in iPSC-derived glutamatergic neurons. The intracellular glutamine
concentration in IFN-γ-stimulated, T. gondii-infected iPSC-derived glutamatergic neurons was significantly reduced
compared with that in IFN-γ-stimulated, non-infected iPSC-derived glutamatergic neurons (A). We next examined the effect
of IFN-γ or CB-839 on T. gondii cyst wall CST1 formation in iPSC-derived glutamatergic neurons. We found that CB-839
treatment inhibited IFN-γ-induced cyst wall CST1 formation (B). Furthermore, inhibition of IFN-γ-induced T. gondii stage
conversion was also observed in glutaminase knockdown iPSC-derived glutamatergic neurons (C and D).

SLC38A1

T. gondii stage conversion mechanisms in human brain 
are largely unknown

Toxoplasma gondii is an obligate intracellular protozoan parasite that can infect the nucleated cells of all warm-blooded
animals. Once T. gondii parasites enter the host, they spread the infection throughout the entire body through the
bloodstream by hijacking host immune cells. T. gondii in many types of tissues grow as tachyzoites, which is the rapidly
multiplying form in the acute phase of infection; however, parasite infection in specific organs such as the brain or muscle
tissues leads to parasite stage conversion into bradyzoites, which is the slowly multiplying form in the chronic phase of
infection that remains throughout the host’s life. Although anti-T. gondii drugs such as pyrimethamine, sulfadiazine, and
atovaquone effectively inhibit the number of tachyzoites, they carry the potential risk of inducing parasite stage conversion
to the chronic phase of infection. Additionally, there are no curative drugs that can eliminate bradyzoites. Therefore, it is
important to gain an understanding of the mechanism of T. gondii stage conversion to chronic infection.

Bando et al., Front. Cell. Infect. Microbiol. (2022)
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として脳が知られているが、どの細胞に潜伏感染するかは明らかになっていない。そこでまず

我々は脳組織のどこにトキソプラズマが感染するかを明らかとするために、ミクログリア、アス

トロサイト、神経細胞への潜伏感染動態評価を行った。その結果、神経細胞（IMR-32）では、

サイトカインの一種であるインターフェロンガンマ（IFN-γ）依存的に潜伏感染虫体が

形成されることを明らかにした (Results 1)。 

次に、トキソプラズマ感染に伴

う神経細胞の生理的な変化を解

析したところ、細胞内のグルタ

ミン濃度が著しく低下している

ことを見出した(Results 2A)。

さらに、トキソプラズマ感染脳

神経細胞では、細胞膜上に発現

しているグルタミントランスポ

ーターSLC38A1 の活性が抑制さ

れ(Results 2B)、なおかつ、細胞

内のグルタミン分解酵素（グル

タミナーゼ）の活性が増加する

こと、そしてそれらの生理的変

化がトキソプラズマの潜伏感染の成立に重要であることを明らかにした(Results 2C)。 

そこで、グルタミナーゼの活性

化を、老化や加齢制御効果で注

目されているグルタミナーゼ阻

害剤の一つであるCB-839を用い

て潜伏感染の制御を試みた。そ

の結果、CB-839 はトキソプラズ

マに直接的な影響を及ぼさない

にも関わらず(Results 3A、3B)、

宿主細胞内グルタミン濃度の低

下を抑制し(Results 3C)、トキ

ソプラズマの IMR-32 への潜伏

感染を抑制することに成功した

(Results 3D)。 

次に、生体内に近い性質を有するヒト iPS由来神経細胞を用いて、潜伏感染メカニズムの解明を

進めた。まず、トキソプラズマ感染に伴う神経細胞の生理的な変化を解析したところ、IMR-32

を用いた実験と同様に、細胞内のグルタミン濃度が著しく低下していることを見出した
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Toxoplasma gondii chronically infects the brain as latent cysts containing bradyzoites and causes
various effects in the host. Recently, the molecular mechanisms of cyst formation in the mouse brain
have been elucidated, but those in the human brain remain largely unknown. Here, we show that
abnormal glutamine metabolism caused by both interferon-γ (IFN-γ) stimulation and T. gondii infection
induce cyst formation in human neuroblastoma cells. IFN-γ stimulation promoted intracellular glutamine
degradation in human neuronal cells. Additionally, T. gondii infection inhibited the mRNA expression of
the host glutamine transporters SLC38A1. These dual effects led to glutamine starvation and triggered
T. gondii stage conversion in human neuronal cells. Furthermore, these mechanisms are conserved in
human iPSC-derived glutamatergic neurons. Taken together, our data suggest that glutamine starvation
in host cells is an important trigger of T. gondii stage conversion in human neurons.
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Results 3

The intracellular glutamine concentration is limited in IFN-γ-
stimulated T. gondii-infected human neuroblastoma cells
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Glutaminase activity directly affects IFN-γ-dependent 
T. gondii stage conversion in human neuroblastoma cells

Results 2

(A) The percentage of CST1-positive vacuoles was determined.
(B) Representative IFA images of T. gondii GAP45 (red) and CST1 (green); nuclei were stained with DAPI (blue). Scale bars correspond to 5 μm.
Values are means±SD (three biological replicates per group from three independent experiments) (A). n.d., not detected.
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The physiological conditions that induce T. gondii stage conversion in human brain cells are unclear. Therefore, we tested
the effect of IFN-γ on the T. gondii stage conversion. T. gondii cyst wall CST1 formation around bradyzoites in IMR-32 cells
was found only in IFN-γ-stimulated cells (A and B).

(A) IMR-32 cells uninfected or infected with T. gondii ME49 were untreated or treated with IFN-γ. The level of intracellular glutamine at 48 h after parasite infection was
measured by ELISA.

(B) IMR-32 cells uninfected or infected with T. gondii ME49 were untreated or treated with IFN-γ and incubated for 0 or 48 h. The SLC38A1 mRNAlevels were
analyzed by use of quantitative RT-PCR.

(C) IMR-32 cells uninfected or infected with T. gondii ME49 were untreated or treated with IFN-γ. The glutamine level in the culture supernatant at 0, 24, and 48 h after
parasite infection was measured by ELISA.

Values are means±SD (three biological replicates per group from three independent experiments) (A-C). * p < 0.05, ** p < 0.01; N.S., not significant; Student’s t-test.

(A) (C) (B) (D) 

(AandB) HFF cells infected with T. gondii ME49 were treated with IFN-γ and/or CB-839. Plaques were stained at 4 days post-infection. (A) Plaque sizes were
measured by using the Image J software. (B) Plaque numbers of individual strains were counted.

(C) IMR-32 cells infected with T. gondii ME49 were untreated or treated with IFN-γ and/or CB-839. The level of intracellular glutamine at 48 h after parasite infection
was measured by ELISA.

(D) IMR-32 cells infected with T. gondii ME49 were treated with IFN-γ and/or CB-839. Cyst wall formation was assessed by IFAat 72 h post-infection. The percentage
of CST1-positive vacuoles was determined.

Values are means±SD (three biological replicates per group from three independent experiments) (A-D). * p < 0.01, ** p < 0.01; N.S., not significant; n.d., not
detected; Student’s t-test.
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Results 4
T. gondii stage conversion is induced in human iPSC-derived 

glutamatergic neurons by IFN-γ-dependent 
intracellular glutamine starvation

(C) (B) (D) 

(A) Human iPSC-derived glutamatergic neurons infected with T. gondii ME49 were untreated or treated with IFN-γ and/or CB-839. The level of intracellular glutamine at
48 h after parasite infection was measured by ELISA.

(B) Human iPSC-derived glutamatergic neurons infected with T. gondii ME49 were treated with IFN-γ. Cyst wall formation in the cell bodies or axons was assessed by
IFAat 72 h post-infection. The percentage of CST1-positive vacuoles was determined.

(C) KGAsiRNAwas transfected into human iPSC-derived glutamatergic neurons. After 48 hours, the expression of KGAin human iPSC-derived glutamatergic neuron
lysates was detected by Western blotting.

(D) KGAsiRNAwas transfected into human iPSC-derived glutamatergic neurons, which were then infected with T. gondii ME49, and then left untreated or treated with
IFN-γ. The percentage of CST1-positive vacuoles in the cell bodies or axons was determined by IFAat 72 h post-infection.

Values are means±SD (three biological replicates per group from three independent experiments) (A-E). * p < 0.05, ** p < 0.01, *** p < 0.001; N.S., not significant;
Student’s t-test.

Non-infection infection Non-infection infection

Non-infection infection

Depletion of intracellular glutamine pools triggers 
Toxoplasma gondii stage conversion in human neurons

(A) 

In summary, here we found a novel T. gondii stage conversion mechanism that involves IFN-γ-induced glutamine-
dependent bradyzoite differentiation and cyst formation in human neuronal cells. In addition, we revealed that these effects
were suppressed by treatment with a glutaminase inhibitor. However, the virulence mechanisms related to inhibition of
SLC38A1 activation are still uncleared. Thus, further investigations are needed to identify the exact virulence molecules
and mechanisms involved in this phenomenon. The elucidation of these effects may contribute to the development of
advanced therapeutic strategies for the prevention of chronic infection of the human brain.

IFN-γ stimulation induced bradyzoite differentiation only in neuroblastoma cells. Therefore, to elucidate the neuronal cell-
specific response to IFN-γ- stimulated T. gondii-infected, we compared the metabolic profiles. As a result, we found that the
intracellular glutamine concentration in IFN-γ-stimulated, T. gondii-infected IMR-32 cells were significantly reduced
compared with that in IFN-γ-stimulated, non-infected IMR-32 cells (A). We next examined the IFN-γ-dependent mRNA
expression of the main glutamine transporters SLC38A1 in IMR-32 cells. Although IFN-γ induced SLC38A1 gene
expression in non-infected cells, this expression was inhibited in T. gondii-infected cells (B) In addition, we examined the
glutamine dynamics in the culture medium (extracellular). The extracellular glutamine concentration in the culture medium
of IFN-γ-stimulated, T. gondii-infected IMR-32 cells were higher than that of IFN-γ-stimulated, non-infected IMR-32 cells (C).

Glutamine serves as a bioenergetic substrate for T. gondii growth, suggesting the possibility that glutamine starvation
triggers T. gondii stage conversion. Therefore, we hypothesized that pharmacological inhibition of IFN-γ-dependent
glutamine degradation may prevent glutamine starvation and thereby suppress IFN-γ-dependent T. gondii stage conversion
in IMR-32 cells. To test this hypothesis, we examined the effect of CB-839, a selective glutaminase inhibitor on the
intracellular glutamine concentration. At first, we examined the effect of CB-839 treatment on the parasite by using a plaque
assay, and found that CB-839 treatment had no effect on the parasite plaque size or number (A and B). Then, we
examined the effect of CB-839 treatment on IFN-γ-dependent T. gondii stage conversion in IMR-32 cells. We found that CB-
839 treatment restored the intracellular glutamine concentration in IFN-γ-stimulated, T. gondii-infected IMR-32 cells (C). In
addition, IFN-γ-induced T. gondii stage conversion was inhibited by CB-839 treatment (D).

Glutamatergic neurons produce glutamate, which is one of the most common excitatory neurotransmitters in the CNS. To
confirm the glutamine starvation-induced T. gondii stage conversion in glutamatergic neurons, we differentiated
glutamatergic neurons from human induced pluripotent stem cells (iPSCs). At first, we examined the effect of parasite
infection on intracellular glutamine concentration in iPSC-derived glutamatergic neurons. The intracellular glutamine
concentration in IFN-γ-stimulated, T. gondii-infected iPSC-derived glutamatergic neurons was significantly reduced
compared with that in IFN-γ-stimulated, non-infected iPSC-derived glutamatergic neurons (A). We next examined the effect
of IFN-γ or CB-839 on T. gondii cyst wall CST1 formation in iPSC-derived glutamatergic neurons. We found that CB-839
treatment inhibited IFN-γ-induced cyst wall CST1 formation (B). Furthermore, inhibition of IFN-γ-induced T. gondii stage
conversion was also observed in glutaminase knockdown iPSC-derived glutamatergic neurons (C and D).

SLC38A1

T. gondii stage conversion mechanisms in human brain 
are largely unknown

Toxoplasma gondii is an obligate intracellular protozoan parasite that can infect the nucleated cells of all warm-blooded
animals. Once T. gondii parasites enter the host, they spread the infection throughout the entire body through the
bloodstream by hijacking host immune cells. T. gondii in many types of tissues grow as tachyzoites, which is the rapidly
multiplying form in the acute phase of infection; however, parasite infection in specific organs such as the brain or muscle
tissues leads to parasite stage conversion into bradyzoites, which is the slowly multiplying form in the chronic phase of
infection that remains throughout the host’s life. Although anti-T. gondii drugs such as pyrimethamine, sulfadiazine, and
atovaquone effectively inhibit the number of tachyzoites, they carry the potential risk of inducing parasite stage conversion
to the chronic phase of infection. Additionally, there are no curative drugs that can eliminate bradyzoites. Therefore, it is
important to gain an understanding of the mechanism of T. gondii stage conversion to chronic infection.

Bando et al., Front. Cell. Infect. Microbiol. (2022)
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Toxoplasma gondii chronically infects the brain as latent cysts containing bradyzoites and causes
various effects in the host. Recently, the molecular mechanisms of cyst formation in the mouse brain
have been elucidated, but those in the human brain remain largely unknown. Here, we show that
abnormal glutamine metabolism caused by both interferon-γ (IFN-γ) stimulation and T. gondii infection
induce cyst formation in human neuroblastoma cells. IFN-γ stimulation promoted intracellular glutamine
degradation in human neuronal cells. Additionally, T. gondii infection inhibited the mRNA expression of
the host glutamine transporters SLC38A1. These dual effects led to glutamine starvation and triggered
T. gondii stage conversion in human neuronal cells. Furthermore, these mechanisms are conserved in
human iPSC-derived glutamatergic neurons. Taken together, our data suggest that glutamine starvation
in host cells is an important trigger of T. gondii stage conversion in human neurons.

Abstract

Introduction 

Results 1
0

0.02

0.04

0.06

0.08

0.1

1 2
0

0.02

0.04

0.06

0.08

0.1

0.12

1 2
0

0.02

0.04

0.06

0.08

0.1

0.12

1 2
0

0.01

0.02

0.03

0.04

1 2

Fig 1_Bando et al.

0

0.1

0.2

0.3

0.4

1 2
0

0.02

0.04

0.06

0.08

0.1

1 2
0

0.02

0.04

0.06

1 2
A172

(astrocytoma)
U-251 MG

(glioblastoma)
IMR-32

(neuroblastoma)

A

B

0

0.02

0.04

0.06

1 2
HFF

(fibroblast)

R
el

at
iv

e 
BA

G
1 

ex
pr

es
si

on
 le

ve
l

IFN-g - +

0 h
48 h

R
el

at
iv

e 
BA

G
1 

ex
pr

es
si

on
 le

ve
l

IFN-g - +

R
el

at
iv

e 
BA

G
1 

ex
pr

es
si

on
 le

ve
l

IFN-g - +

R
el

at
iv

e 
BA

G
1 

ex
pr

es
si

on
 le

ve
l

IFN-g - +

N.S. N.S.

**

0 h
48 h

0 h
48 h

0 h
48 h

N.S. N.S. N.S. N.S. N.S.

IF
N

-g
 (
-)

IF
N

-g
 (+

)

D
DAPI GAP45 CST1 Merge

0

20

40

60

80

100

1 2 3 4 5 6 7 8 9

C
ys

t w
al

l p
os

iti
ve

 v
ac

uo
le

 ra
te

 (%
)

HFF
A172

U-251 M
G
IM

R-32
HFF

A172

U-251 M
G
IM

R-32

IFN-g (-) IFN-g (+) IMR-32
(neuroblastoma)

C

A172
(astrocytoma)

U-251 MG
(glioblastoma)

IMR-32
(neuroblastoma)

HFF
(fibroblast)

R
el

at
iv

e 
SA

G
1 

ex
pr

es
si

on
 le

ve
l

IFN-g - +

0 h
48 h

R
el

at
iv

e 
SA

G
1 

ex
pr

es
si

on
 le

ve
l

IFN-g - +

R
el

at
iv

e 
SA

G
1 

ex
pr

es
si

on
 le

ve
l

IFN-g - +

R
el

at
iv

e 
SA

G
1 

ex
pr

es
si

on
 le

ve
l

IFN-g - +

N.S.

N.S. **
0 h
48 h

0 h
48 h

0 h
48 h

N.S.

N.S.

N.S.

N.S.

N.S.

n.d. n.d. n.d. n.d. n.d. n.d. n.d.

(A) (B) 

IFN-g stimulation induces T. gondii stage conversion 
in human neuroblastoma cells

Results 3

The intracellular glutamine concentration is limited in IFN-γ-
stimulated T. gondii-infected human neuroblastoma cells

Conclusion
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Glutaminase activity directly affects IFN-γ-dependent 
T. gondii stage conversion in human neuroblastoma cells

Results 2

(A) The percentage of CST1-positive vacuoles was determined.
(B) Representative IFA images of T. gondii GAP45 (red) and CST1 (green); nuclei were stained with DAPI (blue). Scale bars correspond to 5 μm.
Values are means±SD (three biological replicates per group from three independent experiments) (A). n.d., not detected.
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The physiological conditions that induce T. gondii stage conversion in human brain cells are unclear. Therefore, we tested
the effect of IFN-γ on the T. gondii stage conversion. T. gondii cyst wall CST1 formation around bradyzoites in IMR-32 cells
was found only in IFN-γ-stimulated cells (A and B).

(A) IMR-32 cells uninfected or infected with T. gondii ME49 were untreated or treated with IFN-γ. The level of intracellular glutamine at 48 h after parasite infection was
measured by ELISA.

(B) IMR-32 cells uninfected or infected with T. gondii ME49 were untreated or treated with IFN-γ and incubated for 0 or 48 h. The SLC38A1 mRNAlevels were
analyzed by use of quantitative RT-PCR.

(C) IMR-32 cells uninfected or infected with T. gondii ME49 were untreated or treated with IFN-γ. The glutamine level in the culture supernatant at 0, 24, and 48 h after
parasite infection was measured by ELISA.

Values are means±SD (three biological replicates per group from three independent experiments) (A-C). * p < 0.05, ** p < 0.01; N.S., not significant; Student’s t-test.

(A) (C) (B) (D) 

(AandB) HFF cells infected with T. gondii ME49 were treated with IFN-γ and/or CB-839. Plaques were stained at 4 days post-infection. (A) Plaque sizes were
measured by using the Image J software. (B) Plaque numbers of individual strains were counted.

(C) IMR-32 cells infected with T. gondii ME49 were untreated or treated with IFN-γ and/or CB-839. The level of intracellular glutamine at 48 h after parasite infection
was measured by ELISA.

(D) IMR-32 cells infected with T. gondii ME49 were treated with IFN-γ and/or CB-839. Cyst wall formation was assessed by IFAat 72 h post-infection. The percentage
of CST1-positive vacuoles was determined.

Values are means±SD (three biological replicates per group from three independent experiments) (A-D). * p < 0.01, ** p < 0.01; N.S., not significant; n.d., not
detected; Student’s t-test.
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Results 4
T. gondii stage conversion is induced in human iPSC-derived 

glutamatergic neurons by IFN-γ-dependent 
intracellular glutamine starvation

(C) (B) (D) 

(A) Human iPSC-derived glutamatergic neurons infected with T. gondii ME49 were untreated or treated with IFN-γ and/or CB-839. The level of intracellular glutamine at
48 h after parasite infection was measured by ELISA.

(B) Human iPSC-derived glutamatergic neurons infected with T. gondii ME49 were treated with IFN-γ. Cyst wall formation in the cell bodies or axons was assessed by
IFAat 72 h post-infection. The percentage of CST1-positive vacuoles was determined.

(C) KGAsiRNAwas transfected into human iPSC-derived glutamatergic neurons. After 48 hours, the expression of KGAin human iPSC-derived glutamatergic neuron
lysates was detected by Western blotting.

(D) KGAsiRNAwas transfected into human iPSC-derived glutamatergic neurons, which were then infected with T. gondii ME49, and then left untreated or treated with
IFN-γ. The percentage of CST1-positive vacuoles in the cell bodies or axons was determined by IFAat 72 h post-infection.

Values are means±SD (three biological replicates per group from three independent experiments) (A-E). * p < 0.05, ** p < 0.01, *** p < 0.001; N.S., not significant;
Student’s t-test.

Non-infection infection Non-infection infection

Non-infection infection

Depletion of intracellular glutamine pools triggers 
Toxoplasma gondii stage conversion in human neurons

(A) 

In summary, here we found a novel T. gondii stage conversion mechanism that involves IFN-γ-induced glutamine-
dependent bradyzoite differentiation and cyst formation in human neuronal cells. In addition, we revealed that these effects
were suppressed by treatment with a glutaminase inhibitor. However, the virulence mechanisms related to inhibition of
SLC38A1 activation are still uncleared. Thus, further investigations are needed to identify the exact virulence molecules
and mechanisms involved in this phenomenon. The elucidation of these effects may contribute to the development of
advanced therapeutic strategies for the prevention of chronic infection of the human brain.

IFN-γ stimulation induced bradyzoite differentiation only in neuroblastoma cells. Therefore, to elucidate the neuronal cell-
specific response to IFN-γ- stimulated T. gondii-infected, we compared the metabolic profiles. As a result, we found that the
intracellular glutamine concentration in IFN-γ-stimulated, T. gondii-infected IMR-32 cells were significantly reduced
compared with that in IFN-γ-stimulated, non-infected IMR-32 cells (A). We next examined the IFN-γ-dependent mRNA
expression of the main glutamine transporters SLC38A1 in IMR-32 cells. Although IFN-γ induced SLC38A1 gene
expression in non-infected cells, this expression was inhibited in T. gondii-infected cells (B) In addition, we examined the
glutamine dynamics in the culture medium (extracellular). The extracellular glutamine concentration in the culture medium
of IFN-γ-stimulated, T. gondii-infected IMR-32 cells were higher than that of IFN-γ-stimulated, non-infected IMR-32 cells (C).

Glutamine serves as a bioenergetic substrate for T. gondii growth, suggesting the possibility that glutamine starvation
triggers T. gondii stage conversion. Therefore, we hypothesized that pharmacological inhibition of IFN-γ-dependent
glutamine degradation may prevent glutamine starvation and thereby suppress IFN-γ-dependent T. gondii stage conversion
in IMR-32 cells. To test this hypothesis, we examined the effect of CB-839, a selective glutaminase inhibitor on the
intracellular glutamine concentration. At first, we examined the effect of CB-839 treatment on the parasite by using a plaque
assay, and found that CB-839 treatment had no effect on the parasite plaque size or number (A and B). Then, we
examined the effect of CB-839 treatment on IFN-γ-dependent T. gondii stage conversion in IMR-32 cells. We found that CB-
839 treatment restored the intracellular glutamine concentration in IFN-γ-stimulated, T. gondii-infected IMR-32 cells (C). In
addition, IFN-γ-induced T. gondii stage conversion was inhibited by CB-839 treatment (D).

Glutamatergic neurons produce glutamate, which is one of the most common excitatory neurotransmitters in the CNS. To
confirm the glutamine starvation-induced T. gondii stage conversion in glutamatergic neurons, we differentiated
glutamatergic neurons from human induced pluripotent stem cells (iPSCs). At first, we examined the effect of parasite
infection on intracellular glutamine concentration in iPSC-derived glutamatergic neurons. The intracellular glutamine
concentration in IFN-γ-stimulated, T. gondii-infected iPSC-derived glutamatergic neurons was significantly reduced
compared with that in IFN-γ-stimulated, non-infected iPSC-derived glutamatergic neurons (A). We next examined the effect
of IFN-γ or CB-839 on T. gondii cyst wall CST1 formation in iPSC-derived glutamatergic neurons. We found that CB-839
treatment inhibited IFN-γ-induced cyst wall CST1 formation (B). Furthermore, inhibition of IFN-γ-induced T. gondii stage
conversion was also observed in glutaminase knockdown iPSC-derived glutamatergic neurons (C and D).

SLC38A1

T. gondii stage conversion mechanisms in human brain 
are largely unknown

Toxoplasma gondii is an obligate intracellular protozoan parasite that can infect the nucleated cells of all warm-blooded
animals. Once T. gondii parasites enter the host, they spread the infection throughout the entire body through the
bloodstream by hijacking host immune cells. T. gondii in many types of tissues grow as tachyzoites, which is the rapidly
multiplying form in the acute phase of infection; however, parasite infection in specific organs such as the brain or muscle
tissues leads to parasite stage conversion into bradyzoites, which is the slowly multiplying form in the chronic phase of
infection that remains throughout the host’s life. Although anti-T. gondii drugs such as pyrimethamine, sulfadiazine, and
atovaquone effectively inhibit the number of tachyzoites, they carry the potential risk of inducing parasite stage conversion
to the chronic phase of infection. Additionally, there are no curative drugs that can eliminate bradyzoites. Therefore, it is
important to gain an understanding of the mechanism of T. gondii stage conversion to chronic infection.

Bando et al., Front. Cell. Infect. Microbiol. (2022)
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(Results 4A)。そしてそれらの

生理的変化がトキソプラズマの

潜伏感染の成立に重要であるこ

と を明ら か に し た (Results 

4B)。さらに、CB-839 を作用させ

ることでグルタミナーゼの活性

化を抑制して潜伏感染を抑制で

き(Results 4B)、この結果を裏

付ける成果として、グルタミナ

ーゼを siRNA によってノックダ

ウンした iPS 細胞でも同様の結

果が得られた(Results 4C、4D)。 

 

以上の結果から、 

① ヒト神経細胞内でIFN-γ依存的にトキソプラズマの潜伏感染虫体が形成されること 

② ヒト神経細胞内での潜伏感染虫体形成誘導には、宿主細胞内グルタミン濃度が関与

していること 

③ グルタミナーゼの活性阻害によってヒト神経細胞内での潜伏感染虫体形成を制御で

きる可能性があること 

④ グルタミナーゼ阻害剤である CB-839 が新規創薬シーズの一つであること 

 

これらを明らかとした。 
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Toxoplasma gondii chronically infects the brain as latent cysts containing bradyzoites and causes
various effects in the host. Recently, the molecular mechanisms of cyst formation in the mouse brain
have been elucidated, but those in the human brain remain largely unknown. Here, we show that
abnormal glutamine metabolism caused by both interferon-γ (IFN-γ) stimulation and T. gondii infection
induce cyst formation in human neuroblastoma cells. IFN-γ stimulation promoted intracellular glutamine
degradation in human neuronal cells. Additionally, T. gondii infection inhibited the mRNA expression of
the host glutamine transporters SLC38A1. These dual effects led to glutamine starvation and triggered
T. gondii stage conversion in human neuronal cells. Furthermore, these mechanisms are conserved in
human iPSC-derived glutamatergic neurons. Taken together, our data suggest that glutamine starvation
in host cells is an important trigger of T. gondii stage conversion in human neurons.
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IFN-g stimulation induces T. gondii stage conversion 
in human neuroblastoma cells

Results 3

The intracellular glutamine concentration is limited in IFN-γ-
stimulated T. gondii-infected human neuroblastoma cells
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Glutaminase activity directly affects IFN-γ-dependent 
T. gondii stage conversion in human neuroblastoma cells

Results 2

(A) The percentage of CST1-positive vacuoles was determined.
(B) Representative IFA images of T. gondii GAP45 (red) and CST1 (green); nuclei were stained with DAPI (blue). Scale bars correspond to 5 μm.
Values are means±SD (three biological replicates per group from three independent experiments) (A). n.d., not detected.
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(A) (B) (C) 

The physiological conditions that induce T. gondii stage conversion in human brain cells are unclear. Therefore, we tested
the effect of IFN-γ on the T. gondii stage conversion. T. gondii cyst wall CST1 formation around bradyzoites in IMR-32 cells
was found only in IFN-γ-stimulated cells (A and B).

(A) IMR-32 cells uninfected or infected with T. gondii ME49 were untreated or treated with IFN-γ. The level of intracellular glutamine at 48 h after parasite infection was
measured by ELISA.

(B) IMR-32 cells uninfected or infected with T. gondii ME49 were untreated or treated with IFN-γ and incubated for 0 or 48 h. The SLC38A1 mRNAlevels were
analyzed by use of quantitative RT-PCR.

(C) IMR-32 cells uninfected or infected with T. gondii ME49 were untreated or treated with IFN-γ. The glutamine level in the culture supernatant at 0, 24, and 48 h after
parasite infection was measured by ELISA.

Values are means±SD (three biological replicates per group from three independent experiments) (A-C). * p < 0.05, ** p < 0.01; N.S., not significant; Student’s t-test.

(A) (C) (B) (D) 

(AandB) HFF cells infected with T. gondii ME49 were treated with IFN-γ and/or CB-839. Plaques were stained at 4 days post-infection. (A) Plaque sizes were
measured by using the Image J software. (B) Plaque numbers of individual strains were counted.

(C) IMR-32 cells infected with T. gondii ME49 were untreated or treated with IFN-γ and/or CB-839. The level of intracellular glutamine at 48 h after parasite infection
was measured by ELISA.

(D) IMR-32 cells infected with T. gondii ME49 were treated with IFN-γ and/or CB-839. Cyst wall formation was assessed by IFAat 72 h post-infection. The percentage
of CST1-positive vacuoles was determined.

Values are means±SD (three biological replicates per group from three independent experiments) (A-D). * p < 0.01, ** p < 0.01; N.S., not significant; n.d., not
detected; Student’s t-test.
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Results 4
T. gondii stage conversion is induced in human iPSC-derived 

glutamatergic neurons by IFN-γ-dependent 
intracellular glutamine starvation

(C) (B) (D) 

(A) Human iPSC-derived glutamatergic neurons infected with T. gondii ME49 were untreated or treated with IFN-γ and/or CB-839. The level of intracellular glutamine at
48 h after parasite infection was measured by ELISA.

(B) Human iPSC-derived glutamatergic neurons infected with T. gondii ME49 were treated with IFN-γ. Cyst wall formation in the cell bodies or axons was assessed by
IFAat 72 h post-infection. The percentage of CST1-positive vacuoles was determined.

(C) KGAsiRNAwas transfected into human iPSC-derived glutamatergic neurons. After 48 hours, the expression of KGAin human iPSC-derived glutamatergic neuron
lysates was detected by Western blotting.

(D) KGAsiRNAwas transfected into human iPSC-derived glutamatergic neurons, which were then infected with T. gondii ME49, and then left untreated or treated with
IFN-γ. The percentage of CST1-positive vacuoles in the cell bodies or axons was determined by IFAat 72 h post-infection.

Values are means±SD (three biological replicates per group from three independent experiments) (A-E). * p < 0.05, ** p < 0.01, *** p < 0.001; N.S., not significant;
Student’s t-test.

Non-infection infection Non-infection infection

Non-infection infection

Depletion of intracellular glutamine pools triggers 
Toxoplasma gondii stage conversion in human neurons

(A) 

In summary, here we found a novel T. gondii stage conversion mechanism that involves IFN-γ-induced glutamine-
dependent bradyzoite differentiation and cyst formation in human neuronal cells. In addition, we revealed that these effects
were suppressed by treatment with a glutaminase inhibitor. However, the virulence mechanisms related to inhibition of
SLC38A1 activation are still uncleared. Thus, further investigations are needed to identify the exact virulence molecules
and mechanisms involved in this phenomenon. The elucidation of these effects may contribute to the development of
advanced therapeutic strategies for the prevention of chronic infection of the human brain.

IFN-γ stimulation induced bradyzoite differentiation only in neuroblastoma cells. Therefore, to elucidate the neuronal cell-
specific response to IFN-γ- stimulated T. gondii-infected, we compared the metabolic profiles. As a result, we found that the
intracellular glutamine concentration in IFN-γ-stimulated, T. gondii-infected IMR-32 cells were significantly reduced
compared with that in IFN-γ-stimulated, non-infected IMR-32 cells (A). We next examined the IFN-γ-dependent mRNA
expression of the main glutamine transporters SLC38A1 in IMR-32 cells. Although IFN-γ induced SLC38A1 gene
expression in non-infected cells, this expression was inhibited in T. gondii-infected cells (B) In addition, we examined the
glutamine dynamics in the culture medium (extracellular). The extracellular glutamine concentration in the culture medium
of IFN-γ-stimulated, T. gondii-infected IMR-32 cells were higher than that of IFN-γ-stimulated, non-infected IMR-32 cells (C).

Glutamine serves as a bioenergetic substrate for T. gondii growth, suggesting the possibility that glutamine starvation
triggers T. gondii stage conversion. Therefore, we hypothesized that pharmacological inhibition of IFN-γ-dependent
glutamine degradation may prevent glutamine starvation and thereby suppress IFN-γ-dependent T. gondii stage conversion
in IMR-32 cells. To test this hypothesis, we examined the effect of CB-839, a selective glutaminase inhibitor on the
intracellular glutamine concentration. At first, we examined the effect of CB-839 treatment on the parasite by using a plaque
assay, and found that CB-839 treatment had no effect on the parasite plaque size or number (A and B). Then, we
examined the effect of CB-839 treatment on IFN-γ-dependent T. gondii stage conversion in IMR-32 cells. We found that CB-
839 treatment restored the intracellular glutamine concentration in IFN-γ-stimulated, T. gondii-infected IMR-32 cells (C). In
addition, IFN-γ-induced T. gondii stage conversion was inhibited by CB-839 treatment (D).

Glutamatergic neurons produce glutamate, which is one of the most common excitatory neurotransmitters in the CNS. To
confirm the glutamine starvation-induced T. gondii stage conversion in glutamatergic neurons, we differentiated
glutamatergic neurons from human induced pluripotent stem cells (iPSCs). At first, we examined the effect of parasite
infection on intracellular glutamine concentration in iPSC-derived glutamatergic neurons. The intracellular glutamine
concentration in IFN-γ-stimulated, T. gondii-infected iPSC-derived glutamatergic neurons was significantly reduced
compared with that in IFN-γ-stimulated, non-infected iPSC-derived glutamatergic neurons (A). We next examined the effect
of IFN-γ or CB-839 on T. gondii cyst wall CST1 formation in iPSC-derived glutamatergic neurons. We found that CB-839
treatment inhibited IFN-γ-induced cyst wall CST1 formation (B). Furthermore, inhibition of IFN-γ-induced T. gondii stage
conversion was also observed in glutaminase knockdown iPSC-derived glutamatergic neurons (C and D).

SLC38A1

T. gondii stage conversion mechanisms in human brain 
are largely unknown

Toxoplasma gondii is an obligate intracellular protozoan parasite that can infect the nucleated cells of all warm-blooded
animals. Once T. gondii parasites enter the host, they spread the infection throughout the entire body through the
bloodstream by hijacking host immune cells. T. gondii in many types of tissues grow as tachyzoites, which is the rapidly
multiplying form in the acute phase of infection; however, parasite infection in specific organs such as the brain or muscle
tissues leads to parasite stage conversion into bradyzoites, which is the slowly multiplying form in the chronic phase of
infection that remains throughout the host’s life. Although anti-T. gondii drugs such as pyrimethamine, sulfadiazine, and
atovaquone effectively inhibit the number of tachyzoites, they carry the potential risk of inducing parasite stage conversion
to the chronic phase of infection. Additionally, there are no curative drugs that can eliminate bradyzoites. Therefore, it is
important to gain an understanding of the mechanism of T. gondii stage conversion to chronic infection.

Bando et al., Front. Cell. Infect. Microbiol. (2022)
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